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Introduction
The Clean Energy States Alliance (CESA)-a nonprofit organization composed of clean energy funds and state agencies from 18 member states-requested technical assistance from the National Renewable Energy Laboratory (NREL) through the U.S. Department of Energy's (DOE) Technical Assistance Project (TAP). CESA requested a market assessment of small-and medium-scale biomass gasification technologies that use solid biomass to generate heat, power, or combined heat and power (CHP). Solid biomass refers to wood and agricultural resources.
Goals and Methodology
The primary purpose of this report is to provide CESA members with a market assessment of small-and medium-scale biomass gasification and combustion technology. For this purpose, this assessment provides:
• An overview of solid biomass resources available in the United States.
• Description of gasification and combustion conversion technologies that utilize solid biomass to generate heat, power, and CHP.
• Discussion of the strengths and weaknesses of gasification and combustion technologies.
• Assessment of the commercial status of gasification and combustion technologies.
• Summary of gasification and combustion system economics.
• Market Potential for small to medium-scale gasification and combustion systems.
• An inventory of direct combustion system suppliers.
• An inventory of gasification technology companies.
The report focuses on biomass gasification and combustion systems with a capacity of less than 5 MW or 50 million Btu/hour (Mbtu/hr), but it does not provide a review of residential-scale systems. Primary applications considered for the report were thermal, CHP, and district heating. To be included in the direct combustion technology company list, systems must be commercially available in the U.S. market. For gasification technology, companies listed in the inventory should have in development technology that is intended for distribution in the U.S. market.
The authors obtained the information contained in this report through phone interviews with experts from both inside and outside of NREL, industry representatives, company Web sites, publicly available reports, and presentations prepared by NREL technical staff. Mention of a company or a process in this report does not constitute a recommendation or endorsement by NREL or DOE. It is the authors' intent to update this report periodically. If a company wishes to be considered for possible inclusion in future issues, please contact the laboratory point of contact listed in the Acknowledgments.
Solid Biomass Resources Overview
Renewable energy resources account for 6.7% of the total energy consumed in the United States [1] . If liquid biofuels are included, then biomass energy constitutes the greatest source of renewable energy in the United States. Figure 1 shows that biomass energy (consisting of wood energy, biofuels, and waste energy) currently provides more than half of the renewable energy consumed in the United States, with approximately two-thirds of the total biomass energy being used to generate heat, power, or CHP through wood energy. The feasibility of a system that utilizes solid biomass to generate heat, power, or CHP largely depends on the availability of feedstocks. Table 1 provides a list of potential solid biomass feedstocks. Although all of these resources are possible feedstocks, wood residues are used by a significant majority of operating biomass facilities that generate heat, power, or CHP in the United States. Locating and quantifying potential sources of available feedstock is vital to the success of a biomass project. Figure 2 provides a graphical representation of the geographic distribution of potential biomass resources in the United States (Appendix A lists and defines the biomass resources included in Figure 2 ). Agricultural, forest, and mill residues represent approximately 70% of the total biomass resources shown. Past resource assessment efforts usually were static and did not allow user analysis or manipulation of the data. This new tool enables users to select a location on the map, quantify the biomass resources available within a user-defined radius, and then estimate the total thermal energy or power that could be generated by recovering a portion of that biomass. The tool acts as a preliminary source of biomass feedstock information; however, it cannot take the place of an on-the-ground feedstock assessment. A number of other factors also dictate whether a local feedstock can be used, including:
• Costs associated with the collection, preparation, storage, and transportation of the biomass resource.
• Sustainability of the resource.
• Quality and composition of biomass.
• Ease of converting the biomass resource to energy.
Biomass resource availability is the most important issue in terms of the economics and longterm project sustainability, therefore projects that can utilize a reliable, onsite supply of fuelsuch as sawdust at a wood products plant or wastes from agriculture processing operationshave a distinct advantage. For projects without an onsite fuel supply, securing adequate, longterm feedstock supplies can be expensive and difficult. A number of industry representatives interviewed for this report consider securing a feedstock supply the prime hurdle for larger-scale biomass project development because of the difficulty in finding a supplier willing or able to sign a long-term contract. This is particularly important because a long-term contract for biomass supply often is required to secure project financing.
As noted, woody biomass resources are by far the most commonly utilized solid biomass feedstock. Woody biomass systems typically are designed to handle either wood chips or pellets. Wood chips can be a byproduct of a mill or chipped from scrap wood or whole trees. Although the ideal wood chip is uniform in size and free of dirt, some systems are designed to utilize lesser-quality wood chips. Pellets are a refined wood product and have a lesser moisture content and greater density as compared to wood chips. The characteristics of wood chips and pellets are summarized in Table 2 . Additional general information on wood chip and pellet characteristics can be found in the following publications.
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• Typically used in smaller commercial applications (less than 10,000 sq ft) • A more expensive fuel • A commodity fuel available from a number of sources • Pellets systems tend to be less expensive, take up less space, and are more automated than wood-chip systems • Consistent size, moisture, and heat content
Conversion Technologies
Technologies that convert solid biomass resources into energy for heat, power, and CHP fall into two general categories, direct combustion and gasification.
Direct Combustion
In the United States and around the world, direct combustion is the most common method of converting biomass resources into heat, power, or CHP. A direct combustion system burns the biomass to generate hot flue gas, which is either used directly to provide heat or fed into a boiler to generate steam. In a boiler system, the steam can be used to provide heat for industrial processes or space heating, and a steam turbine can be used to generate electricity.
The two principle types of direct combustion boiler systems that utilize biomass are fixed-bed (stoker) and fluidized-bed systems. In a fixed-bed system, the biomass is fed onto a grate where it combusts as air passes through the fuel, releasing the hot flue gases into the heat exchanger section of the boiler to generate steam. A fluidized-bed system instead feeds the biomass into a hot bed of suspended, incombustible particles (such as sand), where the biomass combusts to release the hot flue gas. Manufacturers of fluidized-bed systems claim that this technology produces more complete combustion of the feedstock, resulting in reduced SO 2 and NO x emissions and improved system efficiency. Fluidized-bed boilers also can utilize a wider range of feedstocks. Fluidized-bed systems, however, have greater parasitic loads than stokers. Given proper emissions-control technology, both systems can meet stringent emissions limits.
Direct combustion biomass facilities that produce electricity through a steam turbine have a conversion efficiency of 15% to 35%, depending upon the manufacturer; a CHP system can have an overall system efficiency of as much as 85%. The efficiency of a direct combustion biomass system is influenced by a number of factors including: (1) moisture content of the biomass; (2) combustion air distribution and amounts; (3) operating temperatures and pressures; (4) fuel feed handling, distribution, and mixing; and (5) furnace retention time.
Although most direct combustion systems generate power utilizing a steam-driven turbine, a few companies are developing direct combustion technologies that use hot, pressurized air or another medium to drive the turbine. One emerging application is the potential to couple an Organic Rankine Cycle (ORC) power generator to a biomass hot-water source. ORC technology uses hot water to heat a compressed working fluid that has a lower boiling point than water. In this manner, electricity can be produced from low-temperature (approximately 185°F and greater), low-pressure sources such as biomass hot-water boilers. 
Gasification
Gasification systems-instead of directly burning the fuel to generate heat-convert biomass into a low-Btu to medium-Btu content combustible gas, which is a mixture of carbon monoxide, hydrogen, water vapor, carbon dioxide, tar vapor, and ash particles. In a close-coupled gasification system, the combustible gas is burned directly for space heat or drying, or burned in a boiler to produce steam. Alternatively, in a two-stage gasification system, tars and particulate matter are removed from the combustible gas, resulting in a cleaner gas suitable for use in a genset, gas turbine, or other application requiring a high-quality gas ( Figure 3 ). 8
Fixed bed and fluidized bed are the main categories of gasification conversion technologies, both using similar types of equipment as that used in direct combustion systems (see Figure 4) . Fixedbed systems-in which the biomass is piled on top of a grate inside the gasification chamberare a simple, inexpensive, proven technology, but typically they produce a gas with lower heat content. Fluidized-bed gasification systems, in which the combustible gas is generated by feeding the biomass into a hot bed of suspended, inert material, generally offer improved performance, but with greater complexity and cost. The fluidized bed design produces a gas with low tar content but a greater level of particulates as compared to fixed-bed systems. Advantages that fluidized-bed gasification systems have over fixed-bed gasification systems include improved overall conversion efficiency and the ability to handle a wider range of biomass feedstocks. Although most biomass resources are suitable for gasification systems, certain high moisture fuels might be uneconomic because of high drying costs. In addition, some agricultural residues generate a combustible gas that requires special processing before it can be utilized in a boiler, turbine, or engine.
Direct Combustion and Gasification Strengths and Weaknesses
Direct combustion and gasification systems each have a number of general strengths and weaknesses (see Table 3 ). 
• Technology is in the development and demonstration phase (closecoupled systems excluded) • Need fuel of uniform size and with low moisture content
Commercial Status of Conversion Technologies
Direct Combustion
Systems that employ direct combustion to convert biomass into energy for heat, power, and CHP are widely utilized and commercially available for small-and medium-scale applications. Direct combustion boiler systems are used for a variety of facility heating purposes and have a solid track record in the field. Additionally, nearly all of the U.S. facilities using biomass to produce power utilize direct combustion technology.
Appendix B provides a non-exclusive list of direct combustion system suppliers that offer commercially available small-to medium-scale direct combustion systems. The systems manufactured by these suppliers range from power-plant scale to small-business scale. Most of the systems are fixed-bed technology designed to utilize wood residues as fuel, and usually are located either onsite at wood manufacturing operations that produce mill residues or in close proximity to accessible feedstock sources. The following two examples examine small-to medium-scale applications of direct combustion technology in the United States.
Harney County District Hospital (Oregon)
Harney County District Hospital-a 55,000-square-foot facility-installed a 0.5 Mbtu/hr wood pellet boiler manufactured by KÖB (Austria) to offset fuel oil, propane, and electricity use [4] (see Figure 5 ). The boiler supplies domestic hot water and heat to the facility by feeding hot water into a water-source heat pump system. Although the pellet boiler completely eliminated use of heating oil, propane boilers were installed as a backup heat source. In supplying heat to the facility the boiler uses 100 tons of pellets annually, most of which are delivered once every 6 months by a local pellet manufacturer. The pellet boiler's cost totaled $250,000 and resulted in annual savings of $58,000. The payback period on the system is estimated to be 5 years. 
Darby Public Schools (Montana)
With the assistance from the "Fuels for Schools and Beyond" program [5], a biomass boiler system was built in Darby, Montana, to offset heating oil use by supplying heat to three existing schools on a single campus. A 3 Mbtu/hr Messersmith direct combustion boiler was integrated into a central heat distribution system to provide hot water and low-pressure steam to 82,000 square feet of building space. It burns 750 tons of wood chips annually. Feedstocks are obtained from forest thinning on the nearby public and private lands. During the first year of operation the boiler system offset 79% of heating oil use. The total project cost for the wood energy system was $556,000, and the simple payback period is estimated to be approximately 10 years.
Other direct combustion systems currently are being developed. One such technology is a nonboiler, direct combustion CHP system which, instead of using a steam turbine to generate power, uses another medium-such as pressurized air-to drive the turbine. Appendix C provides a short list of companies involved in the development of non-boiler direct combustion CHP systems in the United States.
Gasification
The market readiness of solid-biomass gasification technology greatly depends on how the system utilizes the combustible gas produced. Close-coupled biomass gasification-boiler systems-in which the gas is fed into and directly burned in a boiler to produce steam for heat and power-to a great extent are a viable, commercially available technology. Two-stage gasification systems-in which the combustible gas is conditioned (cleaned) and then utilized in an engine, a turbine, or as a natural gas substitute-currently are in the developmental and demonstration stage.
Close-Coupled Gasification
Appendix D provides a non-exclusive list of companies currently developing gasification projects in the United States. Note that most companies produce close-coupled biomass gasification-boiler systems. ChipTec Wood Energy is the most established manufacturer of commercially available small-to medium-scale close-coupled systems. Additionally, Uniconfort, an established Italian manufacturer, now is marketing small-to medium-scale systems (Figure 6 ) in the United States through Alternative Energy Solutions, a subsidiary of Wichita Boiler.
Figure 6. Uniconfort close-coupled gasification system
Courtesy of Alternative Energy Solutions
A number of companies specialize in medium to large-scale systems, close-coupled gasificationboiler systems. Nexterra partnered with Johnson Controls to install a large-scale CHP system at the University of South Carolina (see Figure 7) , as well as a future system to provide heat at DOE's Oak Ridge National Laboratory. Both facilities will use locally harvested wood feedstocks. A couple of companies-Primenergy and PRM Energy-predominantly have installed industrial-scale heating systems fueled by onsite biomass, mostly agricultural residues at processing sites. The following are examples of close-coupled gasification system applications in Vermont.
Middlebury College Biomass Gasification Plant [6]
In February 2009, Middlebury College began operation of a 29 Mbtu/hr ChipTec close-coupled gasification boiler system. Consuming roughly 20,000 tons of local wood chips per year, the system will generate steam for the college's district energy system, which provides heating, cooling, and domestic hot water to the campus. The system is expected to offset more than 1 million gallons of fuel oil consumed annually by the existing boiler plant. The payback period for the $12-million system is estimated to be approximately 11 years.
North Country Hospital
In response to rising energy costs, North County Hospital in Newport, Vermont, installed a combined heat, cooling, and power biomass close-coupled gasification system in 2005 [12] . The system utilized a ChipTec gasifier and Hurst boiler to produce steam, generating electricity through a steam turbine, usable heat, and cooling through an absorption chiller. The system cost for the 121,000-square-foot facility totaled approximately $2 million, and the annual estimated cost savings of the system is $250,000.
Two-Stage Gasification
A number of companies currently are developing two-staged gasification technology, in which the combustible gas is not burned directly, but instead is conditioned and either fed into an engine/turbine to generate power or used as natural gas substitute for industrial heating. Most-if not all-two-stage technology is in the demonstration phase of the development process and is 13 not commercially available. Current technology barriers revolve around efficiently removing impurities from the combustible gas, as well as the low heating value of the conditioned gas.
A small-scale two-stage gasification system example, Community Power Corporation (CPC) has demonstrated a series of 5-kW to 100-kW modular biomass CHP systems at a number of locations across the United States. Intended for use at remote locations in need of distributed heat and power, CPC's gasification technology converts biomass fuels into a clean, combustible gas, which is fed into an engine to generate power. CPC currently has a system operating in California that utilizes walnut shells as a feedstock (shown in Figure 8) . A medium-to largescale example of two-stage gasification technology, Frontline Bioenergy has installed a system at a Minnesota ethanol plant that utilizes corn stover as a feedstock. The conditioned gas produced serves as a direct substitute for natural gas used in the corn ethanol plant's processes. 
Project Costs
Installed Costs
Installed costs for systems that generate heat, power, or both from solid biomass resources are variable and very project specific. Table 4 lists project costs for a number of systems installed within the last 5 years. The variable total project cost likely is a reflection of the other costs associated with developing a project outside of the direct combustion or gasification unit cost. These additional costs can include the following elements [7] .
• Feasibility study 
Fuel Costs
Project economics are affected dramatically by both the cost of solid biomass feedstock as well as the price of the lowest-price fossil fuel alternative (often natural gas, propane, or heating oil). Figure 9 illustrates how the simple payback period of a 3 Mbtu/hr system with a total installed capital cost of $850,000 is influenced by variations of the price of wood and natural gas. If wood is $15/ton and natural gas is $7/Mbtu, for example, then the simple payback term is 11 years. If wood is $15/ton and natural gas is $3/Mbtu, then the simple payback is approximately 48 years. Table 5 shows a comparison of the cost of various fuels per million Btu of energy produced. The value listed under "efficiency" is the estimated efficiency of the appliance that is converting the fuel to end-use energy. 
Market Potential
There are no completed studies that estimate the overall market potential for small-and community-scale direct combustion and gasification systems that convert biomass into heat, power, or CHP. The potential to utilize the technology, however, is significant in many parts of the United States. A majority of the market will be the retrofitting of existing fossil-fuel heating systems with biomass boilers; however, the integration of biomass systems into new construction projects should be considered whenever possible.
The market potential for small-and community-scale direct combustion and gasification systems that convert biomass into heat, power, or CHP has not been properly addressed at the national level. Several states, however, have done assessments of the market potential for these systems. Michigan, for example, commissioned a 2007 report to examine the market potential for woody biomass retrofit opportunities in boiler operations within the state [7] . The analysis of an existing boiler database identified 2,300 existing boilers for which retrofits with a wood-fired heating system could result in a projected simple payback period of less than 20 years. A similar study was conducted in Montana in 2006 [9] .
Conclusions and Recommendations
Conclusions
The market for small-and community-scale direct combustion and gasification systems that convert biomass into heat, power, or CHP is developing slowly but steadily. There are countless communities, facilities, and utilities that are either developing or evaluating prospective biomass applications. The market readiness of conversion technologies varies widely however. Systems that employ direct combustion or close-coupled gasification to convert biomass into heat, power, or CHP are commercially available from multiple manufacturers. Systems that utilize two-stage gasification are near-commercial technologies and most manufacturers are actively testing demonstration and pilot units.
Recommendations
The following are some suggestions for follow-up actions for interested states, communities, or facilities:
• Entities wishing to support the development of gasification applications and technologies should consider funding demonstration projects of near-commercial technologies in their states.
• Interested vendors that wish to be included in an updated version of this report should contact Scott Haase at National Renewable Energy Laboratory, phone: 303-275-3057; e-mail: scott.haase@nrel.gov.
• A national assessment of the market potential for small-and community-scale direct combustion and gasification systems that convert biomass into heat, power, or CHP should be commissioned.
• A central clearinghouse or registry of small-to medium-scale systems should be created and maintained. The registry should be searchable online and include a GIS mapping function. 
Appendix B. Direct Combustion System Manufacturers
